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ABSTRACT 
Baumel, Irwin Paul, Ph.D., University of Rhode Island, 
July, 19705 Effect of Acute Hypoxia or Chron ic Social 
Isolation on Brain Sensitivity and Barbiturate Metabolism . 
The mechanisms by which hypoxia or social isola-
tion interact with drug action were investigated by the use 
of several parameters including drug-induc ed narcosis, con-
vulsions, change in body temperature and various biochem-
ical parameters. 
Acute Hypoxia 
Hypobaric hypoxia (364 mm Hg, 10% 02) enhanced. the 
depressant effects of barbital, pentobarbital and chloral 
hydrate in mice and rats, Mice were far more sensitive than 
rats, barbital narcosis being affected to the greatest 
extent. Reduced oxygen (10%) at normal pressure also poten-
tiated pentobarbital narcosis, 
Hypothermia during hypoxia was greater in mice than 
in rats. Mice exposed to hypoxia at 30°c instead of 22°c 
ambient temperature did not exhibit hypothermia, Hypoxia at 
22°c enhanced and prolonged the hypothermia induced by 
barbiturates and chloral hydrate. At J0°c hypoxia showe d 
considerably less potentiation of barbital narcosis and 
hypothermia than at 22°c, These parameters were moderately 
reduced with chloral hydrate ru1d unaffected with respect to 
pentobarbital, 
i 
Convulsions produced by intraperitoneal sernicar-
bazide, rn-fluorotyrosine or methionine sulphoxirnine were 
signifi~antly reduced in mice exposed to hypoxia, Seizures 
due to intracerebral semicarbazide were also antagonized 
by hypoxia, 
Hypoxic mice showed lower body concentration of 
pentobarbital on awakening and reduced rate of pentobar-
bital disappearance from the body than animals breathing 
room atmosphere. 
Administration of sodium nitrite to mice markedly 
potentiated barbiturate narcosis. The hypothermia and 
methemoglobinemia produced by nitrite showed a temporal 
relationship to the potentiation of hexobarbital narcosis. 
Both reduction in body temperature and enhancement of 
barbital narcosis after sodium nitrite were prevented at 
Jo0c ambient temperature, but potentiation of hexobarbital 
narcosis was unaffected. 
ii 
Disappearance of hexobarbital from the whole-body 
of nitrite-treated mice was slower and barbiturate concen-
tration at awakening was lower in these animals as compared 
to control mice, 
Sodium nitrite did not inhibit hexobarbital meta-
bolism in vitro or affect hexobarbital narcosis when 
injected intracerebrally, 
Methylene blue effectively reduced nitrite-induced 
methemoglobinemia, but markedly potentiated barbiturate 
narcosis in the absence of nitrite, 
Seizures produced by intracerebral semicarbazide 
were antagonized by sodium nitrite injection, 
iii 
Brain and plasma levels of intraperitoneal barbital 
c14 were reduced after exposure to hypobaric hypoxia or 
injection of sodium nitrite when the labelled compound was 
given with a depressant dose (300 mg/kg) of unlabelled 
barbitalc Excretion of barbital c14, as measured by brain 
and plasma levels oh after intraperitoneal injection, was 
slower in mice subjected to barbiturate narcosis during 
hypobaric hypoxia. Exposure to hypoxia or injection of 
sodium nitrite did not affect penetration of intravenously 
administered barbital c 1 l~ into brain. 
These data suggest that hypoxia due to low ambient 
oxygen or injection of sodium nitrite decreases absorption, 
metabolism and excretion of barbiturates and lowers the 
threshold of brain neurons to drug-induced depression. 
Social Isolation 
Narcosis due to hexobarbital, pentobarbital, 
chloral hydrate or barbital was markedly reduced in male 
mice after 5 weeks of social deprivation. Socially deprived 
female mice also showed a decreased response to hexobarbi-
tal narcosis. However, only isolated males developed 
aggressiveness. 
The metabolism of hexobarbital both in vivo and 
in vitro was enhanced in isolated animals. Mice deprived 
of social interactions gained righting reflex at a higher 
body level of hexobarbital as compared to the undeprived 
animals. 
Development of aggressiveness in isolated male mice 
did not correlate temporally with the reduced response to 
hexobarbital, 
Gonadectomy, but not adrenalectomy effectively 
prevented reduction of barbiturate potency and development 
of aggressiveness in socially deprived male mice. 
iv 
Latency to avoidance of paw shock was significantly 
lower in socially deprived male mice. In addition, the 
decrement in avoidance produced by chlorpromazine in 
grouped mice was less pronounced in the deprived animals. 
These data show that chronic deprivation of social 
stimuli in mice increased the drug metabolizing activity 
of hepatic microsomes and raised arousal levels such that 
CNS susceptibility to drugs and physical stimuli was altered. 
In addition, the anabolic steroids appear to be involved in 
this response, These observations further suggest that 
alterations in barbiturate sensitivity and development of 
aggressiveness after social deprivation may have a different 
biological basis, 
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I. INTRODUCTION 
Numerous factors in the environment have been known 
to affect physiological processes within the organism 
resulting in altered pharmacologic effects. Factors such as 
ambient temperature (Chance, 1947, 1957), pressure (Bernardi-
ni, 1969), population density (Chance, 19L1-7; Chance and 
Mackintosh, 1962) a11d seasonal variations (Heller .et al., 
195'?) ma:y influenc8 the onset, potency or duration of action 
of a compm;.nd thus altering the resultant pharmacodyna.mic 
activity. 
Current interest in drug therapy during spa.ce and 
undersea exploration has stimulated research into factors 
which may affect drug activity in a controlled environment, 
Variations in the gaseous environment of the space cabin or 
undersea laboratory and the social factors involved in 
prolonged missions may well affect the physiological and 
biochemical processes within the organism which could 
produce possible change s in drug activity. A better tmder-
standing of mechanisms underlying these changes may aid in. 
the development of preventative methods to counteract undesir-
able effects induced by environmental extremes. Consequently, 
the present investigation was undertaken to explore rnecha-
nisres associated with changes in pharmacologic response 
induced by acute hypoxia and prolonged so;::ial isola.tion. 
Initial studies involved testing the pharmacologi-
cal sensitivity of animals subjected to hypoxia or social 
isolation to selected central nervous system (CNS) depres-
sants, Barbital, which is excreted unmetabolized (Dorfman 
7 
and Goldbaum, 1947; Mayne rt and Van Dyke, 1950; Ebert et al., 
196LJ. ) was chosen as an indicator for alteration of CNS 
sensitivity or the rate of drug entry into brain, Duration 
of narcosis due to hexobarbital or pentobarbital which is 
limited by the rate of their metabolism in hepatic microsomes 
(Cooper and Brodie, 1955, 1957) and chloral hydrate which is 
metabolized by soluble hepatic alcohol-dehydrogenase (Friedman 
and Cooper, 1960), were employed to test drug metabolizing 
enzymes, In addition, several convulsant agents which inter-
act with specific pathways of brain metabolism were employed 
to further evaluate changes in brain sensitivity, Specific 
biochemical studies were then performed to verify biological 
alterations suggested by these experiments, 
Since drug-induced CNS depression is sensitive to 
body temperature (Fuhrman , 1947; Setnikar and Temelcou, 1962) 
and hypoxia induces hypothermia (Gellhorn, 1937) concurrent 
measurement of rectal temperature was included in this study, 
Methemoglobinemia produced by nitrites is a form of 
tissue hypoxia (Darling and Roughton, 19L~2). Consequently 
the effect of sodium nitrite injection on brain sensitivity 
and barbiturate metabolism was compared with that of hypobaric 
hypoxia. 
II. LITERATURE SURVEY 
Acute Hypoxia 
The term '' hypoxia" means decreased availability 01· 
oxygen to the cells of' the body. This condition may be 
caused by pulmonary disease (Oswald and Fry, 1962), circu-
latory insufficiency (Finley et al., 1962), anemias and 
tissue edema (Van Liere and Stickney, 1963). A common form 
of hypoxia encountered by aviators, astronauts and others 
working at high altitudes or in controlled gaseous environ-
ments is inadequate oxygenation of the lungs due to a def i-
c iency of oxygen in the atmosphere. 
Hypoxia Due to Reduced Barometric Pressure 
8 
The total pressure of all gases in the air (baro-
metric pressure) decreases as one ascends to higher altitudes. 
At sea level or normal room atmosphere, barometric pressure 
averages 760 mm Hg and the pressure contributed by oxygen 
to the total pressure (partial pressure, pOz) is 159 mm Hg. 
Since oxygen remains at slightly less than 21% of the total 
gaseous atmosphere, the pOz will decrease with corresponding 
decreases in total barometric pressure. Thus at 10,000 ft. 
barometric pressure=52J mm Hg and p0z=110 mm Hg, whereas at 
19,000 ft. the barometric pressure is J64 mm Hg and p02::-.:76 
mm Hg equivalent to a 10% oxygen atmosphere at sea level 
(760 mm Hg ). 
Up to an elevation of approximately 10,000 ft. the 
9 
po2 in the air is sufficient to maintain arterial oxygen 
saturation at about 90%. However, above 10,000 ft. elevation, 
arterial oxygen saturation falls progressively to approximate-
ly 70% at 19,000 ft. and still lower at higher altitudes, 
severely reducing the supply of oxygen delivered by blood to 
the tissues (Folk, 1966). 
Hypoxia Due to Methemoglobin 
The oxidized, ferric form of hemoglobin is a choco -
late -colored pigment called methemoglobin. A great mru1y 
substances such as nitrites, chlorates, phenacetin, aceta-
nilid, sulfanilamide, nitrobenzene, quinones and analine can 
produce methemoglobin (Bodansky, 1951). This group includes 
drugs used therapeutically as well as chemicals commonly used 
as purifiers or preservatives in food and drinlcing water. 
Thus methemoglobinemia may be produced in various situations 
encounte red in everyday life. 
Methemoglobin will not carry oxygen . When one or more 
of the four iron atoms in a molecule of hemoglobin is oxi-
dized to the ferric state, the affinity of oxygen for the 
other sites is increased. The oxyhemoglobin dissociation 
curve is shifted to the left, so the delivery of oxygen to 
the tissues is impaired (Darling and Roughton, 1942). 
Erythrocytes normally contain a small steady-state 
level of methemoglobin, regulated by two enzyme systems that 
reduce methemoglobin back to hemoglobin; these are methemo-
globin diaphorase (diaphorase I, NADH dependent) and meth-
emoglobin reducta.se (diaphorase II) using NADPH as coenzyme 
(Jaffe, 1964). Methylene blue accelerates reduction of 
methemoglobin to hemoglobin by acting as electron acceptor 
between NADPH and methemoglobin thus accelerating methemo-
globin reductase activity (Huennekens et al,, 1957; Sass 
et al., 1967). 
Effects in Man 
The variety and severity of symptoms appearing 
on acute exposure to hypoxic conditions are dependent 
upon the degree and length of exposure to hypoxia. 
The earliest effect of hypoxia is decreased 
proficiency of night vision. Light normally needed to see 
dimly illuminated surroundings must be increased progres-
sively at altitudes of 8,000 ft. and above. At 17,000 ft, 
visual acuity is reduced to 50% of the sea level value 
(McFarland and Halperin, 194·0). 
Pulmonary ventilation increases at altitudes 
above H,000 ft. to a maximum of 65% above normal at 20,000 
ft. resulting in a respiratory alkalosis due to exhalation 
of excess carbon dioxide (Guyton, 1969). 
Beginning at approximately 12,000 ft. and increas-
ing in severity with higher altitudes, one may experience 
drowsiness, fatigue, possibly headache and sometimes eu-
phoria (Armstrong, 1961; Brovm, 1963), Convulsions and 
coma may occur at about 23,000 ft. (Schade and McMenemey , 
1963; Schaeffer, 1962). 
Slgnificant decreases in mental proficiency for 
judgement and impairment of memory processes have been 
10 
noted by McFarland (1 938) and Malmo and Finnan (194L~). 
Decrements in performance of a reasoning task, paired-
word association and memory for pattern and position as 
measured by immediate and delayed recall were noted at 
altitudes of 8-10,000 ft. with increasing effects at higher 
altitudes. 
Reduction in body temperature of approximately 1°c 
has been noted in man exposed to 10% oxygen at room tem-
perature (Kottke et al., 19L~8), 
Effects in Animals 
Impairment of visual acuity in rats using discri-
mination of upright and inverted figures was suggested in 
experiments by Shock and Scow (1 9l~2 ). Rats acutely exposed 
to 10% oxygen showed increased errors in the discrimination 
task. 
11 
Effects on memory and learning during hypoxia have 
been noted by several workers. In rats exposed to J0,000 ft. 
(226 mm Hg, p0z=47 mm Hg) for varying periods of time, 
Hurder (1951) observed decreases in acquisition of maze per-
formance 6-7 weeks after exposure to the hypoxic atmosphere, 
the decrement being proportional to the time of exposure to 
hypoxia . Thompson (1957) observed that exposure of rats to 
20,000 ft. for 10 minutes decreased retention of horizontal-
vertical discrimination 2 min , but not 1. 5 and L~h after 
hypoxic exposure. In addition, exposure to 30,000 ft. (6% 02) 
enhanced the retrograde amnesia in rats produced by electro-
convulsive shock, Ledwith (1967) observed that subjecting 
rats to 9% oxygen delayed acquisition of a shuttle avoi-
dance task. Concentrations of oxygen above 9% were 
essentially ineffective. Weinstein (1966), working with 
mice trained to escape from carbon dioxide, noted that 
severe hypoxia (6% oxygen or less) increased the time 
taken to escape, whereas mild hypoxia (10% 02) is associ-
ated with quicker times than normal room air (21% 02). 
Mice exposed to hypoxia become extensively poi-
kilothermic and show large reductions in body temperature 
(Gellhorn, 1937). Hypothermia is also present in hypoxic 
rats and dogs but to considerably less degree (Kottke 
il al. , 1948) • 
Effect of Hypoxia on Drug Activitt 
Early studies by Moore (1935) showed that strych~ 
nine was more toxic to rats and ground squirrels at higher 
altitudes. In addition, Lehman and Hanzlick (1932) found 
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that digitalis was more toxic to cats and pigeons subjected 
to a reduced oxygen atmosphere, Tainter (1934) also noted 
that dinitrophenol produced a greater incidence of ;ethal 
effects in hypoxic animals. More recent studies indicated 
that mice acutely exposed to hypobaric hypoxia exhibited 
increased sensitivity to the lethal effects of amphetamine 
and reserpine (Baumel et _al. , 1967; Robinson et al. , 1969). 
The decrease in motor activity produced by chlorpromazine 
and meprobamate in mice is potentiated on exposure to 
hypoxia (Sparvieri, 1960), Further, narcosis due to hexo-
barbital was prolonged in mice or rats acutely exposed to 
hypobaric hypoxia (Robinson et al., 1968; Mustala and 
Azarnoff, 1969). 
The administration of sodium nitrite or related 
compounds to mice has been observed to markedly potentiate 
pentobarbital narcosis (Wooster and Sunderman, 1949). 
Social Isolation 
Depriving the organism of social interactions 
removes the normal stimuli obtained from group contacts 
resulting in changes in behavior and physiologic responses 
of the organism. 
Effects in Man 
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The effects of restricted environments during human 
childhood have been investigated by Dennis and Dennis (1951). 
These researchers greatly reduced the normal amount of so-
cial interaction and the availability of mariipulable ob-
jects (toys) in rearing twin girls until the age of 13 
months. The children were found to be abnormally slow in 
developing some complex motor activities: sitting alone, 
standing with support, and visually directed reaching and 
grasping, These deficiencies were not due to muscular 
weakness or lack of exercise, since diffuse motor activity 
was almost continuous when the children were awake. In 
general, children who spent infancy in an institutionalized 
environment with poor social contacts have shown signs of 
low intelligence, abnormal passivity and dependency (Spitz, 
1946; Goldfarb, 1955; Dennis, 1960), 
Prolonged social isolation of adults such as 
prisoners in solitary confinement or explorers alone in 
the Arctic have produced psychotic-like behaviors such as 
hallucinations, savior types of delusions, conversations 
with inanimate objects and paranoia (Lilly, 1956; Leider-
man and Stern, 1961). 
Physiologic changes in man during varying periods 
of isolation have included a slowing of EEG activity after 
7 days of deprivation (Heron, 1961), decreased respiratory 
rate and blood pressure during 60 days of isolation (Agad-
zhanian et al. , 1963), decreased body weight after Lr days 
of deprivation (Myers et al., 1966) but little or no effect 
on production of adrenocortical or adrenomedullary hormones 
(Zubek and Schutte, 1966; Murphy et al,, 1955). 
--
The interaction of drugs with social deprivation 
in man has been investigated with respect to lysergic acid 
diethyl amide (LSD). Cohen and Edwards (196J.r) .noted that 
men subjected to short-term deprivation were more resis-
tant to the hallucinogenic and physiologic effects of LSD. 
Additional studies employed the hallucinogenic phencycli-
dine and found comparable results (Lawes, 1963), 
Effects in Animals 
Beach and Jaynes (195Lr) and Melzack (1963) have 
shown that birds, rats and dogs reared in isolation 
demonstrate inappropriate sexual behavior including im-
mature sex play, failure to respond to the call of other 
members of the species, and inability to discriminate 
sexually relevant cues. Rearing animals in isolation also 
makes them less viable when stressed (King and Common, 
1955). In addition, they are less gregarious than ani-
mals reared in communal cages (Beach and Jaynes, 195l~) and 
are more disturbed and submissive in competitive situa-
tions (King and Gurney, 195l~). Prolonged social depriva-
tion has also been observed to elicit intense aggression 
in male mice (Yen et al., 1959). These animals possess a 
heightened neuroexcitability which manifests itself in 
hypereactivity to physical stimuli (Kimbrell, 1967: King 
etal., 1955), 
Physiologic alterations in isolated animals 
include a smaller adrenal weight (Christian, 1959: Val-
zelli and Garattini, 1968), higher plasma corticosterone 
Sigg, 1969; Guarino et al., 1967), decreased body weight 
(Hatch et al., 1965) and decreased turnover of brain 
serotonin (Giacalone et al., 1968), 
Effect of Social Isolation on Drug Activity 
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Balazs et al (1962) noted that rats individually 
caged for 13 weeks showed an increased sensitivity to the 
cardiotoxic effects of isoproterenol. In addition, 
amphetamine is more toxic to mice chronically deprived of 
social interactions for a period of 4 weeks (Consolo et al., 
1965a). 
Reduced duration of pentobarbital narcosis was 
observed in rats caged individually from 6-14 weeks (Wiberg 
and Grice, 1965) and in mice deprived of social interac-
tions for LJ- weeks (Consolo et al., 1965b). 
These observations suggest changes in brain sensi-
tivity and drug metabolism in animals chronically deprived 
of social interactions. 
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III. EXPERIMENTAL 
Animals 
Swiss albino, random bred male and female mice 
weighing 25-35 gm and Sprague-Dawley albino, random bred 
male rats (Charles River Farms , Wilmington, Mass. ) weigh-
ing 150-250 gm were used. They were housed in animal 
quarters maintained at 21-23°c with room lights alter-
nated on a 12h light-dark cycle, Food and water were 
available ad libitul'!! up to one hour before each experi-
ment, Animals were used not earlier than one week after 
receipt from the supplier. 
Materials 
Analytical reagent grade chemicals or equivalent 
were used throughout this study. Co-factors (NADP and 
glucose-6-phosphate) were purchased from Calbiochem, The 
drugs used in this investigation were obtained from their 
respective manufacturers . 
Hypobaric Chambers 
The hypobaric chambers (Figure 1) utilized room 
air and consisted of four plexiglass desiccators (intern-
al diameter 10", height 1l~", Ace Glass Inc. ) connected in 
parallel via ~ " rubber tubing to a vacuu:n pump (1/12 h.p., 
Gelman Instruments ) through a manifold consisting of i" 
copper pipe. The de gre e and rate of reduction in ambient 
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pressure within the chambers was controlled by a central 
needle valve attached to the air-intake manifold. The 
barometr ic pressure within the system was monitored by 
vacuum gauges on individua l chambe rs and a mercury mano-
meter attached to the end chamber. Separate needle valves 
placed along the system permitted recompress ion of indi-
vidual chambers independent of the other units. 
Decreasing barometric pressure within the cham-
bers to J6l~ mm Hg ( 10% 02) resulted in room air entering 
the system at approximately 9 liters/min which was as-
sumed to be adequate for continuous removal of expired 
carbon dioxide and prevention of excess moisture conden-
sation within the chambers. Under these conditions, the 
temperature within the chambers was maintained within 
1° of the ambient temperature. 
Substitution of a low oxygen eas mixture for 
vacuum was accomplished by removal of the vacuum pump 
and attachment of a pressurized gas cylinder containing 
10 : 1% oxygen in nitrogen to the air-intake manifold. 
Exposure to HyPoxia 
The animals were injected with drug while at room 
atmosphere (760 mm Hg, 21% 02) and immediately placed, in 
pairs, in each of the four chambers which were then decom-
pressed in a 10 min period to J6L~ mm Hg (10% Oz). Controls 
were run concurrently in identical chambers open to room 
air. Animals were continually exposed to hypobaric hypoxia 
throughout the determination of drug effect. 
19 
In the studies with reduced oxygen at normal 
pressure the chambers were flushed continuously (10 liters 
/min) for 10 min after drug injection with a mixture of 
10 :t 1% oxygen in nitrogen and then flushed intermit-
tently at 5 min intervals for the duration of the experi-
ment. 
Measurement of Drug-Induced Na rcosis 
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Duration of narcosis throughout this study was taken 
as the interval between the loss and the gain 01· righting 
reflex, the endpoint of which was determined according to 
Wenzel and Lal (1959) using two rightings within 30 sec. The 
interval between injection of the drug and loss of righting 
reflex was designated as onset of narcosis. Since access to 
the mice was prevented during hypobaric hypoxia, loss to 
regain of righting reflex in these studies was determined 
by gently tilting the chambers to determine if the animals 
righted themselves and maintained balance by extension of 
the front paw outward on the chamber floor, 
Measurement of Body Temperature During Hypoxia 
Body temperature under hypobaric hypoxia was re-
corded at appropriate intervals by a rectal probe (Yellow 
Springs Instrument #402) taped to the tail and connected 
by means of a rubber stopper inserted in the chamber wall 
to a telethermometer (Yellow Springs Instrument //L~2SC) 
placed outside the chamber. For the temperature studies, 
in order to prevent damage to the thermistor probe, the 
animals were confined in plastic animal holders (Arthur 
H. Thomas Co,) placed inside the chambers. All measure-
ments were made at 22° or 30°c ambient temperature in a 
constant temperature environmental chamber. In experiments 
using the higher ambient temperature, animals were placed 
in the 30° environment for 2L~h prior to testing. 
Measurement of Drug- Induced Hypothermia During Hypoxia 
Mice were injected intraperitoneally with drug at 
room atmosphere and exposed to J6L~ mm Hg as previously 
described, Afeter selected intervals of exposure to the 
hypobaric environment, mice were returned to room atmos-
phere, removed from the chambers and their re~tal temper-
ature measured, Restraint or rec;tal probes were not uti-
lized in the chambers during hJrpoxia since it was desired 
to maintain normal loss and regain of righting reflex. 
Animals not losing righting reflex initially were exclu-
ded from the study. 
Measurement of Drug-Induced Convulsions During Hypoxia 
Mice were injected intraperitoneally with the con-
vulsant drug while at room atmosphere and exposed, in 
pairs, in the hypobaric chambers to J6L~ mm Hg· (10% o2 ). 
Controls were run concurrently in identical chambers open 
to room air, Clonic or tonic convulsions were then recor-
ded in individual mice during hypoxia, 
Injection of Drugs into Brain 
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Mice were either exposed for 2h to hypobaric hypoxia 
(364 mm Hg, 10% o2 ) or administered sodium nitrite (100 mg 
/kg subcutaneously, 30 min pretreatment) and injected 
intracerebrally with semicarbazide (100 ug/mouse). In one 
experiment mice received sodium nitrite intracerebrally 
(50 ug/mouse). 
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The procedure of Haley and McCormick (1957) was 
used for direct injection of drugs into brain. Freshly pre-
pared, aqueous drug solutions were administered intracere-
brally in a volume of 0.01 ml/mouse, the site of injection 
being a point 2 mm on either side of the midline joining 
the anterior bases of the ears. The injection was made with 
a 22 gauge needle attached to a Hamilton microliter syringe 
inserted perpendicularly through the skull into the brain. 
Penetration of the needle was limited to 1/8 inch by poly-
ethylene tubing placed above the needle point. Injection 
of a 0.5% aqueous solution of methylene blue verified 
localization of dye particles in the third and. fourth ven-
tricles thus ensuring adequate penetration of drug solution 
into the brain tissue via this technique, 
Social Deprivation 
Mice weighing 18-20 gm were housed either 1 to a 
cage or 10 to a cage in stainless steel cages· (9. 5" x 7" 
x 711 ) with wire mesh on fronts and bottoms. Solid walls on 
the remaining J sides reduced visual or tactile contacts of 
the isolated mice with other animals. Animals were not 
handled or removed from their cages during the deprivation 
period but were kept clean by changing the bottom pans 
regularly. The mice were subject to all daily noises of 
the animal room. Ambient temperature was maintained at 21-
230c and room lights alternated on a 12h light-dark cycle, 
Determination of Aggressive Behavior 
The presence or absence of aggressive behavior was 
determined by placing 5 pairs of isolated mice in strange 
cages for 15 minutes. Typical aggressive behavior consis-
ted of tail rattling and rearing on hind paws assuming the 
fighting position which culminated in severe biting and 
scratching. 
Surgical Procedures Prior to Social Deprivation 
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Adrenalectomized male mice weighing 18-20 gm were 
obtained 1 week post-surgery from Charles River Farms and 
were housed in the animal quarters in a group of twenty for 
an additional week prior to isolation, Gonadectomy in male 
mice was performed in this laboratory and consisted of 
removal of both testes and epididymis from a small incision 
made in the scrotal sac under light ether anesthesia, Wound 
clips were not necessary since little if any bleeding oc-
curred and spontaneous resorption of the atrophied scrotum 
occurred rapidly. Sham operations resembled adrenalectomy 
in that a small incision was made on the lower dorsal sur-
face of the animal under light ether anesthesia, the tis-
sue below the incision palpated, and the wound closed with 
autoclips. Both gonadectomized and sham-operated animals 
were housed in groups of twenty for 1 week post-surgery 
prior to isolation. Adrenalectomizecl mice were maintained 
on laboratory chow and normal saline (0,9%) in the drinking 
water. All other mice received tap water and laboratory 
chow ad libitum. 
Conditioning of Avoidance Behavior 
Training consisted of placing a mouse on an electri-
fiable grid floor in an aluminum chamber (8" x 10" x 9") 
containing a wooden shelf (L~" x 611 x 2"). Onset of a tone 
(conditioned stimulus, buzzer·-58 dee ibels), operated manual-
ly, activated a timer which presented a continuous scrambled 
shock (1,0 ma) from a Grason Stadler shocker #El064Gs, 10 
sec after onset of the tone. The shock and tone were termi-
nated manually. Mice, after being placed on the grid , avoid-
ed shock by jumping onto the adjacent wooden shelf within 
10 sec after onset of the tone. This terminated the trial. 
Acquisition of the conditioned avoidance response consisted 
of 10 consecutive trials daily for 2 days. At the end of 
the t went ieth trial 80-90% of both grouped and isolated 
mice successfully avoided shock, 
Measurement of Avoidance Behavior 
On the morning of a drug test day, mice were given 
5 consecutive trials, followed in the afternoon by a one-
trial avoidance test, administered 30 min after intraperi-
toneal injection of chlorpromazine. Latency (sec) to avoid-
ance after onset of the tone was recorded by a timer which 
was activated simultaneously. An interval of one day elapsed 
between drug treatments~ 
Statistical Methods 
The students "t" test for independent means, and 
Chi-square 2x2 contingency analysis (Dixon and Massey t 
1969) were used to test for differences between control 
and experimental groups, Tests were performed on an Oli-
vetti Underwood Programma 101 desk computer and the l evel 
of significance determined by compar ison of "t" and Chi-
square values with values from standard tables, 
Determination of Whole-Body Levels of Barbiturates 
At selected intervals after drug administration 
or immediately upon awakening, mice were sacrificed by cer-
vical fracture and frozen in liquid nitrogen . The mice were 
then stored at -1o0 c until assayed. 
The method of Brodie et al (195J) was used to 
measure whole-body levels of barbiturates, The whole ani-
mal was homogenized in four volumes of ice cold 0,05M 
phosphate buffer (pH 5.5) 1 in a Waring Blender at high 
speed (19,000 RPM) for 5 ~in at o-10°c. A 4,o ml aliquot 
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of the homogenate was transferred to 50 ml centrifuge tubes 
containing 1.0 gm sodium chloride, Thirty ml . of washed 
petroleum ether (technica l grade, B. P. 37-Ln°c )2 contain-
1prepared by adding 8,73 gm of KH2POJ.1-- to 0.5:l gm Na2P04 in 
1000 ml. 
2Purified by washing with 1N NaOH , 1N HCl and two washings 
with triple distilled water. 
ing 1.5% isoamyl alcohol (re agent grade ) was added and the 
mixtures were shaken mechan ical.ly for l} 5 min and centri-
fuged for 10 min. Twenty ml aliquots of the solvent phase 
were transferred to clean tubes and shaken with LJ, . 0 ml of 
o.BM phosphate buffer (pH- 11) 1 for 15 min, The tubes were 
centrifuged and the petroleum ether removed by aspiration. 
The optical density of the unmetabolized barbiturate re-
maining in the aqueous phase was determined at 240 mu 
(pentobarbital) or 245 mu (hexobarbital) against pH 11 
buffer on a Beckman DB-G grating spectrophotometer. Two 
parallel tubes were carried through the procedure, one 
containing 100 ug of hexobarbital or pentobarbital with 
tissue obtained from an animal injected with distilled 
water and the other containing tissue from the same ani-
mal but no barbiturate added to serve as the blank. The 
concentration of unmetabolized barbiturate in the sample 
extract was compared with a standard solution prepared by 
dissolving 100 mg of the barbiturate in sufficient dis-
tilled water to make 100 ml, A ten fold dilution was then 
made with pH 11 buffer and the optical density of the re-
sultant solution (10 ug/ml) was obtained, Recovery of 
barbiturates added to whole-body homogenate was 90-100% 
(hexobarbital) and 80% (pentobarbital). 
1-prepared by adding 8.16 gm NaOH to 56,5 gm Na2POL~ in 
500 ml. 
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Preparation of 9JOOO x G Supe rna t ants 
Mice were sacrificed by cervical dislocation, the 
livers quickly excised and gall bladders removed immedi-
ately. The tissue was chilled and kept at 0-4°c during 
all the subsequent procedures, The livers were weighed, 
minced with scissors and homogenized for 60 sec in 3 
volumes of ice cold 1.15% KCl in a motor driven coaxial 
homogenizer using a teflon pestle. The homogenates were 
centrifuged for thirty minutes at o0 c and 10,000 rpm 
(9,000 x G avg.) in an International Model B-60 Prepara-
tive Ultracentrifuge (rotor #871+). The supernate was 
decanted, strained through gauze, and the volume restored 
with 1.15% KCl equal to that of the original homogenate. 
The supernatant fractions from control and experimental 
animals were stored at -10°c until assayed. 
Determination of In Vitro Metabolism of Hexobarbital 
The method described by Cooper and Brodie (1953) 
was used to measure the disappearance of hexobarbital 
from incubation media. One ml of the 9,000 x G super-
natant fraction prepared as described above was added to 
the incubation mixture containing 1,94 uMoles hexobar-
bital, 25 uMoles glucose-6-phosphate, 12 uMoles magne-
sium sulfate , 100 uMoles nicotinamide, 0,65 uMoles NADP 
and sufficient O .1M phosphate buffer pH 7, Lr to make a 
final volume of Lr, 0 ml. Incubation was carried out in 
a Dubnoff metabolic shaker for JO min at J7°c under room 
atmosphere. Two parallel incubation flasks we re carried 
through the procedure, one contai.11ing 100 ug hexobarbi tal 
with boiled tissue and the other containing tissue but 
not hexobarbital to serve as the blank, After incubation 
the flask volumes were transferred to 50 ml centrifuge 
tubes containing 1e0 gm NaC l and 1.5 ml phosphate buffer 
pH 5,5. The extract ion procedure of Brodie et al (195J) 
was performed as described for whole-body levels of 
hexobarbital except that 10 ml of pH 11 buffer was used. 
Recovery of Hexobarbital added to boiled tissue was 100%, 
Determination of Methemoglobin Levels in Blood 
The method of' Evelyn and Malloy (193~) as modified 
by Vanderbel t et al ( 19LJ-LJ- ) was used to determine methemo-
globin levels in blood. At selected intervals after 
sodium nitrite injection in mice, free flowing blood was 
collected from a neck incision into conical centrifuge 
tubes containing 2 drops of heparin solution (1:1000), 
Blood from control animals was collected in the same 
manner. A 0,2 ml sample of blood was transferred immedi-
ately to test tubes containing 10 ml of ice cold 0,02M 
phosphate buffer (pH 6,6) 1Q.nd 2 drops of Triton X-100. 
Tlle contents of the tubes were mixed thoroughly and 
allowed to stand for 5 min to permit comp lete hemolysis, 
Samples were kept at O-l1- 0 c throughout the procedure to 
minimize decomposition and spontaneous decrease in met-
1Prepared by adding J,L~04 gm K.H2POL1- to 5,523 gm Na2HP011- in 1000 ml and diluting 50 ml of this solution to 200 ml. 
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hemoglobin content. Samples were read at 6JO mu in a 
Beckman DU quartz spectrophotometer against a blanl\: con-
taining phosphate buffer (pH 6,6). Two 4.0 ml aliquots of 
each sample were transferred to two cuvettes and the 
absorbance determined at 630 mu, To one cuvette was then 
added approximately LJ.. O me; of sodium cyanide crystals, to 
the second cuvette an equal amount of potassium ferricya-
nide crystals and the contents mixed. The samples were 
read again at 630 mu. To the cuvette containing potassium 
ferricyanide was then added Li.. O mg of sodium cyanide crys-
tals and the absorbance of the solution determined again 
at 630 mu. The methemoglobin content (%) of the blood was 
calculated as the ratio of the decrease in absorbance 
obtained upon addition of sodium cyanide (conversion of 
methemoglobin to cyanomethemoglobin ) as compared to the 
decrease in absorbance of a completely oxidized sample 
(potassium ferricyanide) converted to cyanomcthemoglob in, 
multiplied by 100. 
Determination of Brain and Plasma Levels of Barbital clll-
At selected intervals after exposure to hypobaric 
hypoxia or injection of sodium nitrite mice were admini-
stered barbital c14 (2,0 uc/kg, sp. act. 1.1~c/mMole) 
intraperitoneally or intravenously. In some experiments 
barbital c14 was injected in a 3% solution of unlabelled 
barbital (JOO mg/kg ) in order to investigate the effect of 
barbiturate anesthesia on drug distribution. 
Mice were sacrificed by exsanguination via a neck 
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incision (approximately 30 sec) and free flowing blood 
collected in conical centrifuge tubes containing two 
drops if heparin solution (1:1000). Plasma was obtained 
by immediate centrifugation for 10 min at 3700 rpm 
(2000xg ). A 0.1 ml aliquot of plasma was transferred to 
1.5 ml of scintillator solution1 and counted in a Packard 
model 3310 Liquid Scintillation Spectrometer for 50 min 
or sufficient time to accumulate 10,000 counts2 , Whole 
brains including lower portions of the medulla were ra-
pidly excised, weighed and homogenized in 3 volumes of 
triple distilled water. one-half ml of homogenate was 
transferred to . a scintillation vial containing 2.5 ml of 
Nuclear Chicago Solubilizer (NCS) and the brain tissue 
digested at 50°c for 16h in a Dubnoff metabolic incuba-
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1prepared by dissolving 6 gm PPO (2,5-diphenyloxazole ) and 
200 ml BBS-3 (Beckman Biosolv 3) in sufficient toluene to 
make 1.0 liter. Two drops of l~% SnClz in 0.1N HCl was added 
to each vial before addition of plasma. 
2The standard deviation of the counting rate of samples 
counted by this procedure was 5% or less. The standard de-
viation was calculated using the 1'ollowing formula (Wang 
and Willis, 1965). 
6" s = rg + rb rg -- counting rate of sample 
rb = counting rate of background 
tg tb 
tg time the sampl·e counted = was 
wheres tb = time background was counted 
OS= standard deviation 
of sample 
tor shaker. Fifteen ml of scintillation solution1 was 
added to the digestant and the sample counted as pre-
viously described, All samples were corrected for back-
ground and are reported as DPM of barbital c1L1• calculated 
by use of channels ratio, 
1prepared by dissolving 6 gm PPO (2,5 diphenyloxazole) in 
sufficient toluene to make 1.0 liter. 
Jl 
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IV. RESULTS 
Effect of Hypoxia on Dr ug-Induc ed Nar cos i s 
The effect of acute exposure to hypobaric hypoxia 
on drug-induced narcosis is summarized in Table 1, Nar-
cosis was prolonged under the hypobaric environment in both 
mice and rats. The effect was significant in all cases ex-
cept in rats in which prolongation of pentobarbital narco-
sis did not reach statistical significance. The magnitude 
of the effect produced by hypobaric hypoxia differed 
greatly in mice and rats, The comparison illustrated in 
Table 1 shows that in the case of barbital, increase in 
narcosis time was nearly 20-fold greater in mice; the 
effect on pentobarbital or chloral hydrate was 5-fold 
greater. The duration of pentobarbital narcosis was mar-
kedly increased by acute exposure of mice to 10% oxygen 
at normal pressure as well as to hypobaric hypoxia 
(Table 2). 
Effect of Hypoxia on Body Te mperature 
The rectal temperature of mice exposed to the 
hypobaric environment dropped at a rate of 0,1°/min 
reaching a maximum drop of 5.8° at 90 min of exposure. The 
rate of temperature drop was only half this in rats and 
reached a maximum of only 2.5° (Figure 2). The rectal 
te mperature of 2 mice and 2 rats r es trained in the hypo--
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TABLE 1 
EFFECT OF HYPOBARIC EXPOSURE ON DRUG-INDUCED NARCOSIS 
Narcosiss min ~ S.E. (N) 
Dose 
Drug (mg/ kg ) Control Hypobaricr 
Mice 
Barbital JOO 91::9.2 ( 10) 584~l~L~a(l1 ) 
Pentobarbital 50 90!8 .L~ ( 12) 1L~8!1L~ b ( 11 ) 
Chloral Hydrate 350 105~6.6 (lJ) 206~17a(1J) 
Rats 2L~l~~1 O • 5 ( 2 J ) Barbital 200 J04!2l~0 (19) 
d 
Pentobarbital J5 56~2.7 ( 12) 62!3.7(11) 
Chloral Hydrate JOO 75!3.o (10) 
b 
91!J.9(11) 
l36L~ mm Hg equivalent to 10% ambient oxygen 
Control vs. hypobaric; 
ap<0,001 
bp<0,01 
Cp<0,05 
dp>0.05 
% 
Increase 
SL~o 
65 
96 
25 
11 
21 
TABLE 2 
EFFECT OF HYPOXIA ON DURATION OF' PENTOBARBITALa NARCOSIS 
Mode of Hypoxia 
10% Oxygenb, 760 mm Hg 
Airer J64 mm Hg 
Narcosis, min! S.E. (N) 
Control Hypoxic 
p 
23!2.6 (12) 
32!2.l~ (11) 
4 7 :t2 • 9 ( 1 J ) < 0 ' 001 
57:!:l~.5 (9) <0.001 
a5o mg/kg (200 muM/g) injected intraperitoneally. 
b10% oxygen in nitrogen mixture at .normal pressure. 
CReduction of atmospheric pressure providing p02 of 72 mm Hg 
functionally equivalent to approximately 10% ambient oxygen. 
0 
-I 
w 
a:: -2 
::> 
1-
<t 
a:: 
w 
Q. -3 
::E 
w 
1-
<l. -~ 
1-
u 
w 
a:: 
z -5 
w 
(.!) 
z -6 <t 
:i:: 
u 
-7 
0 30 60 90 120 150 180~ 240 .,, 300 '# 360 
EXPOSURE TIME (MINUTES) 
Figure 2. RECTAL TEMPERATURE OF MICE AND RATS EXPOSED TO 
THE HYPOBARIC ENVIRONMENT. 
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baric chamber under room atmosphere declined less than 
1° in 6 hours, 
Ef'fect of Hypoxia and Ambient Tem;eerature on Drug-Induced 
Hypoth ermia and Narc osis 
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Figure 3 demonstrates that mice maintain normal body 
temperature during exposure to hypoxia at 30°c ambient 
temperature, Reduction of body temperature in mice under 
the influence of pentobarbital or chloral hydrate narcosis 
was enhanced and prolonged during hypoxia at either 22 or 
30°c (Figures L~ and 5), The extensive hypothermia due to 
barbital during hypoxia at 22°c was almost completely pre-
vented at 30°c (Figure 6), 
Exposure of mice to hypoxia at 30°c after pento-
barbital injection did not alter the enhancement of pento-
barbital narcosis seen at 22°c, while potentiation of the . 
chloral hydrate effect was reduced by 50%. However, poten-
tiation of narcosis due to barbital under hypoxia at 22°c 
was greatly reduced at 30°c (Table J). 
Effect of Hyuoxia on Drug-Induced Convulsions 
The incidence of convulsions due to intraperitoneal 
semicarbazide, m-fluorotyrosine or methionine sulphoximine 
were markedly reduced in the mice ex.posed to J6l~ mm Hg 
(10% 02) (Figures 7-9). In the case of methionine sulphox-
imine, the anticonvulsant effect at 280 mm Hg (7.5% o2 ) was 
greater after Sh (p<0.02) than at J6L~ mm Hg. In addition, 
lethal ity due to m-fluorotyrosine was extensively decreased 
during hypoxia, 
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TABLE J 
EFFECT OF HYPOBARIC HYPOXIA ON DRUG-INDUCED NARCOSIS 
AT TWO AMBIENT TEMPERATURES 
Ambient Narcosis , . + ( ) % min - S .E. _N 
Drug Temp. Cont r ol Hypobaricl Increase 
.. 
(mg/kg ) (OC) 
Barbital 22 + 91_9.2 (10) 58L1-!L1-L1-a(11) 5t1-o 
(JOO) 
178!15 JO ( 12) JL1-9!12a ( 11) 96 
Pentobarbital 22 90~8. Li. ( 12) 1L1-8!11.1-b ( 11) 65 
(50) a 
JO J8!J.o (20) 72:!:7.0(18) 89 
Chloral Hydrate 22 105!6.6 (lJ) 206!17a(13) 96 
(J50) a 
JO 55!Li-. 9 ( 12) 85!5. LI-( 14) 55 
1J64 mm Hg equivalent to 10% ambient oxygen. 
Control vs. hypobaric; 
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Figure 7. EFFECT OF HYPOBARIC HYPOXIA ON SEMICARBAZIDE 
(200 mg/kg intraperitoneally) CONVULSIONS. Sea level 
(760 mm Hg, 21% 02)• Altitude (364 mm Hg, 10% Oz). Each 
point represents cumulative % convu+sed out of 24 mice. 
Open symbols denote significant difference (p<0.005) 
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Figure 8. EFFECT OF HYPOBARIC HYPOXIA ON m-FLUOROTYROSINE 
(10 mg/kg intraperitoneally) CONVULSIONS AND LETHALITY . 
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Figure 9, EFFECT OF HYPOBARIC HYPOXIA ON METHIONINE SULPHOX-
I MINE (200 mg/kg intraperitoneally) CONVULSIONS, 760 mm Hg 
(21% 02)• J6lr mm Hg (10% 02). 280 mm Hg (7.5% 02), Each 
point represents cumulative % convulsed out of 2lr mice . Open 
symbols denote significant difference (p<0.005) from sea 
level (760 mm Hg) controls, 
Exposure of mice to hypobaric hypoxia or injec-
tion of sodium nitrite antagonized seizures produced by 
intracerebral semicarbazide (Figure 10). Mice receiving 
only distilled water (O,Olml/mouse) intracerebrally did 
not show any sign of convulsions and resumed normal acti-
vity in less than 2 min after injection, 
Effect of Hypobaric Hypo~ia on Disappearance of Body 
Pentobarbital and Pentobarbital Concentration At 
Awakening 
The mice under acute hypobaric conditions showed 
lower levels of pentobarbital in the body at the time of 
awakening than did the control mice at room atmosphere. 
Further, pentobarbital concentration in the body declined 
at a slower rate in the mice exposed to hypobaric hypoxia 
(Table 4). 
Effect of Sodium Nitrite on Blood Methemoglobin, Body 
Temperature and Barbiturate Narcosis 
The potentiation of hexobarbital narcosis by 
sodium nitrite showed a temporal correlation with hypo-
thermia and methemoglobin produced by the drug (Figure 11). 
The peak effect on all J parameters occurred approximately 
JO min after nitrite injection (Figure 11). 
Hypothermia due to sodium nitrite at 22°c was pre-
vented at J0°C ambient temperature. Nitrite-induced en-
hancement of hexobarbital narcosis at 22°c was unaffected 
at J0°C. However, the potentiation of barbital narcosis by 
sodium nitrite at 22° was absent at the higher ambient 
temperature (Table 5). 
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Figure 10. EFFECT OF HYPOBARIC HYPOXIA AND SODIUM NITRITE 
(100 mg. kg, subcutan.eously) ON CONVULSIONS FOLLOWING INTRA-
CEREBRAL INJECTION OF SEMICARBAZIDE. Each point represents 
cumulative % convulsed out of 16-37 mice. Clear symbols 
denote significant difference (p<0.01) from room atmos-
phere (760 mm Hg) controls . 
TABLE l.J-
EFFECT OF HYPOBARIC HYPOXIA ON DISAPPEARANCE OF BODY 
PENTOBARBITAL AND PENTOBARBITAL CONCENTRATION AT AWAKENING 
'l' ime after muM pentobarbital/ g body weight , 
pentobarb itala me::m ! s.E. ~N~ 
C5ontroT Hypooaric5 
At awakening 80~9.o (8) l1-7!8. 0 (8) 
20 min 123~·13 (8) llt6!20 (8) 
Lrn min 51~15 (8) 89!13 (8) 
aso mg/ kg (200 muM/g) inj ected i ntraperitoneally . 
b36L1- mm Hg equivalent to 10% ambient oxygen . 
p 
< o. 01 
> o. 05 
< o. 05 
~ 
"' 
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Figure 11. TIME COURSE OF EFFECT OF SODIUM NITRITE (100 mg/ 
kg, subcutaneously) ON HEXOBARBITAL (120 mg/kg , intraperi-
toneally) NARCOSIS , BODY TEMPERATURE AND BLOOD J\'rETHEMOGLO-
BD~. Clear symbols denote significant difference (p<0,05) 
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TABLE 5 
EFFECT OF SODIUM NITRITE ON BODY TE MPERATURE AND 
BARBITURN.11E NARCOSIS AT TWO AMB IENT TEMPERATURES 
Mea.."1. + _ S.E. (N) 
Ambient 
Temp. Con troll Tre ate a2 
(OC) 
-
Rectal Temp. 22 3s.3!0.2 (8) 35, lr!°O. 3 ( 10) < 0. 00 5 
(OC) 
37.9!0.2 37. S!o.1 30 ( 8 ) (7) > 0, 05 
He xobarbital3 22 38!3.o ( 8) 70!1. 8 (8) <0.001 
Narcosis 
(min) 30 35;:2. 4 (8) 75!2.8 (7) < 0. 001 
• Lr Barbital 22 52!9.li- (7) 123!15 (6) < 0. 001 
Narcosis 
(min) 30 55:!:6.o (7) 68!8.o (6) > o. 05 
1.Distilled water (10 ml/kg) injected subcutaneous ly JO min 
prior to barbiturate injection. 
2sodium nitrite (100 mg/kg) injected subcutaneously JO min 
prior to barbiturate injection. 
3120 mg/kg injected intraperitoneally, 
L~JOO mg/kg ti 
" 
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Effect of Sodium Nitrite on Disappearance of Body 
Hexobarbital and Hexobarbital Concentration At 
Awakening 
The decline of hexobarbital in the whole-body of 
nitrite-treated mice was slower than in the control ani-
mals receiving distilled water. In addition, mice re-
ceiving sodium nitrite gained righting reflex at lower 
levels of barbiturate than their respective controls 
(Table 6). 
Effect of Intracerebral Sodium Nitrite on Body Tem~rature 
and Hexobarbital Narcosis 
Sodium nitrite administered intracerebrally to mice 
(50 ug/mouse) did not affect hexobarbital narcosis or sig-
nificantly alter body temperature (Table 7). 
Effect o_f Sodium Nitrite on Hexobarbital Oxidase Activity 
Sodium nitrite added to the incubation media in a 
concentration approximating that administered in vivo 
(9,05 x 10-5M, 100 ug/g) did not affect the metabolism of 
hexobarbital by 9,000 x g supernatant, Although one-half 
this concentration (Li.,53 x 10-5M, 50 ug/g) showed a stim-
ulating effect on hexobarbital metabolism, this effect 
see med unimportant since the two higher concentrations 
utilized did not alter hexobarbital oxidase activity (Table 
8). 
Effect of Methylene Blue on Nitrite~Induced Methemoglobinemia 
and Enhancement of He xobarbital Narcosis 
Sodium nitrite injected subcutaneously (100 mg/kg) 
increased methemoglobin concentration approximately 10-fold 
TABLE 6 
EFFECT OF SODIUM NITRrrrE ON DISAPPEARANCE OF BODY 
HEXOBARBITAL AND HEXOBARBITAL CONCENTRATION AT AWAKENING 
Time after muM hexobarbital/g body weight p 
hexobarbita la mea"1 ! S.E. JNL 
Control D Treated?.:: 
At awakening 13o:t11 (6) 67!10 (7) < 0. 005 
20 min 156!22 (7) 320!18 (8) < o. 005 
4,0 min 37!6 (7) 125~1 8 (8) < o. 01 
a'.1.20 mg/kg (550 muM/g) injected intraperitoneally. 
bnistilled water (10 ml/kg) injected subcutaneously 30 min 
prior to hexobarbital. 
csodium nitrite (100 mg/kg) injected subcutaneously JO min 
prior to hexobarb ital. 
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TABLE 7 
EFFECT OF INTRACEREBRAL SODIUM NITRITE ON BODY TEMPERATURE 
AND HEXOBARBITAL NARCOSIS 
Mean + S, E. _{N) p 
Controv Treatea2 
Rectal Temp.3 3s,05:to.2 (8) 38. oL~!o. 2 (7) > o. 05 
(OC) 
Sleeping Time!~ 54!4. 0 (9) 55!6.o (9) > o. 05 
(min) 
1Distilled water (0.01 ml/mouse) injected intracerebrally. 
2sodium nitrite (50 ug/mouse) injected intracerebrally. 
3Me asured 30 min after intracerebral injection. 
L~120 mg/kg hexobarbi tal injected intraperi tone ally immedi-
ately after intraccrebral injection, 
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TABLE 8 
EFFECT OF SODIUM NITRITE ON THE METABOLISM OF HEXOBARBITAL 
BY MOUSE LIVER 9,000 x G SUPERNATANT 
Additions to 
incubation mixture 
None 
Sodium Nitrite 2 
4.52 x 10-5M 
9.05 x 10-5M 
18.10 x 10-5M 
uM Hexobarbital 
metabolized/g liver/JO min 
mean :! S.E. (N) 
1. 28 ! 0. 02 ( 6) 
1. 58 :: 0. 07 ( 6) 
1.27 + 0.03 (6) 
1. 2l~ + 0. 02 ( 6) 
1control vs. sodium nitrite. 
< o. 01 
2ug/g liver equivalent sodium nttrite added to incubation 
media are as follows 1 L~. 52x10-)M (50 ug/g); 9. 05x10-5M 
(100 ug/g) and 18.1ox10-5M (200 ug/g). 
that seen in control mice receiving distilled water. 
Methylene blue administered JO min prior to sodium ni-
trite effectively reduced subsequent methemoglobin levels, 
the extent of reduction being proportional to the dose of 
methylene blue (Table 9). 
Sodium nitrite or methylene blue markedly poten-
tiated (80%) hexobarbital narcosis in mice. However, 
injection of methylene blue prior to sodium nitrite resul-
ted in potentiation of the hexobarbital effect equal to 
that seen with either drug alone (Table 10). Duration of 
barbital narcosis was markedly increased by methylene 
blue in the absence of sodium nitrite (Table 11). 
Effect of Hypobaric Hypoxia and Sodium Nitrite on Brain 
and Plasma Levels of Barbital c14 
The onset of barbital narcosis was significantly 
reduced in mice exposed to hypobaric hypoxia or injected 
with sodium nitrite (Table 12). However, sodium nitrite 
markedly reduced the concentration of barbital ell~ in 
brain when the labelled drug was administered intraperi-
toneally with a depressant dose (JOO mg/kg) of unlabelled 
barbital. In addition, plasma levels of barbital e 11~ were 
lower in the nitrite-treated animals 10 min after intra-
peritoneal injection of the labelled isotope. Administra-
tion of barbital e14 without a depressant dose of barbital 
also decreased the penetration of barbital e14 into brain, 
but plasma levels did not differ significantly from 
control animals. Exposure of mice to hypobaric hypoxia 
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TABLE 9 
EFFECT OF METHYI.ENE BLUE ON NI'rRI'EE-INDUCED METHEMOGLOBINEMIA 
Drug 
Distilled Water1 
Sodium Nitrite2 
Sodium Nitrite
3
+ 
Methylene Blue 
Sodium Nitrite + 
Methylene Blne3 
Dose 
(mg/ kg ) 
100 
100 
25 
100 
50 
Methemoglobinemia (%) 
mean :!:' S.E. (N) 
J,L~ + 0,57 (8) 
J6,1 + 1.80a(8) 
110 ml/kg injected subcutaneously JO min prior to anal;ysis. 
2rnjected subcutaneously 30 min prior to analysis. 
Jrnjec ted intraperitoneally 20 min prior t o sodium nitrite. 
asignificantly greater (p<0.001) than distilled water con-
trols . 
bsignif icantly less (p<0.01) than sodium nitrite-treated 
mice, 
TABLE 10 
EFFECT OF METHYLENE BLUE ON NITRI'rE-INDUCED POTENTIATION 
OF HEXOBARBITAL NARCOSIS 
He xobarbital1Narcosis 
Dose min ± S.E. ~NL p 
Treatment mg/kg Contro12 'l'reateu 
Sodium Nit rite 3 100 38~3.o (8) 70~1. 8 (8) < 0 I 001 
Methylene Blue LI- 25 5s::2.7 (8) 1 Ql~ !6, L1- (8) < 0 t 001 
Methylene Blue L~ 50 11-6!6.o (9) 81~6.o (8) < 0. 001 
Sodium Nitrite + 100 
Methylene Blue 5 25 11-9::-1~. 9 (7) 89!7.o (8) < 0 I 001 
Sodium Nitrite
5
+ 100 
Methylene Blue 50 42!3. Lj. (7) 88!7.o (7) < 0. 001 
1120 mg/kg injected intraperitoneally, 
210 ml/kg inj ected subcutaneously or intrape ritoneally as 
required 30 or 50 min prior to hexobarbital, 
3rnjected subcutaneously 30 min prior to hexobarbi tal. 
1
"Injected intraperitonea lly 50 min prior to hexobarb i tal. 
5rnjected intraperitoneally 20 min prior to sodium nitrite. 
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TABLE 11 
ONSET AND DURATION OF BARBI'rAL NARCOSIS IN MICE TREATED WITH 
METHYLENE BLUE 
Barbital :!. 
Narcosis 
Onset 
Duration 
Time interval (min) 
mean :t S.E. (N) 
32 ~ 2,0 (9) 
11~2 + 8. 8 
15 ! 1.5 (10) <0,0005 
> 282 
1300 mg/kg injected intraperitoneally, 
2nistilled water (10 ml/ kg) injected intraperitoneally 50 
min prior to barbital. 
350 mg/kg injected intraperitoneally 50 min prior to barbital, 
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TABLE 12 
EFFECT OF HYPOBARIC HYPOXIA AND SODIUM NITRITE ON THE 
· INDUCTION OF BARBI'l'AL NARCOSIS 
Group 
Sodium Ni tri te3 
b . . L~ Hypo aric Hypoxia 
Barbital1Narcosis, Onset 
min ± S • E • ( N ) 
ControlZ Treated 
33 ! 3.6 (8 ) 
20 + 1.5 (7) 
2L~ ! 1. 9 ( 8) 
16 + 1.9 (7) 
1300 mg/ kg injected intraperitoneally. 
< o. 025 
<O. 05 
2Mice received distilled water (10 ml/ kg) subcutaneously JO 
min prior to barbital (sodium nitrite experiment) or were 
injected with the barbiturate and kept in hypobaric cham-
bers (hypoxia experiment) at room atmosphere (7 60 mm Hg , 
21% 02). 
3100 mg/kg injected subcutaneously JO min prior to barbital. 
4Mice exposed to air at reduced pressure (J64 mm Hg) resul-
ting in approximately 10% ambient oxygen . 
(J6Lr mm Hg, 10% o2 ) for 2h reduced the absorption of a 
subsequent intraperitonaal dose of barbital clLr. In 
addition, brain levels of the labelled barbiturate were 
lower in the hypoxic animals 10 min after injection 
(Table 13A, B). Brain and plasma levels were higher in 
mice administered the labelled compound intraperitoneally 
with a depressant dose of barbital at room atmosphere, 
and then exposed for 6h to hypobaric hypoxia (Table 1JC) . 
Exposure to hypobaric hypoxia (2 hours) or injection of 
sodium nitrite (30 min pretreatment) did not alter pene-
tration of barbital c1Lr into brain measured 5 min after 
intravenous administration of the labelled compound 
(Table 1£1.). 
Effect of Social Deprivation on Drug-Induced Narcosis 
Data summarized in Table 15 show that duration of 
narcosis of the depressant drugs was markedly reduced by 
chronic isolation of male mice. The magnitude of reduction 
differed from drug to drug . It was larges t in the case of 
hexobarbital, followed in decreasing order by pentobarbi-
tal, chloral hydrate and barbital. With the doses used, 
the sleeping time of hexobarbital equaled that of barbital 
in the grouped mice (p>0.05). However, it was considerably 
less than barbital sleeping time (p<O.Ol.) in the isolated 
mice. The onse t of barbital narcosis was not affected 
(Table 16). 
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TABLE lJA 
EFFECT OF SODIUM NI'fRITE At'D BARBITAL ON BRAIN AND PLASMA 
1L1-LEVELS OF BARB ITAI, C 
Time after1L,,1 Mean + S.E. (N ) p -barbital C 
Treated3 (min ) Contro12 
Brain 10 1694!225 (6) 7L1-4!160 (6) < o. 01 
Dpm/ g 
2796±62 (6) 1969~·285 JO (5) <O. 05 
Plasma 10 11-263:606 (6 ) 19111-!262 (6) < o. 01 
Dpm/ml 
4172!1Ln (6) J67J~Lr20 (6) 30 > o. 05 
Brain 4 10 o.1n11-!o.12 (6) 0 t J72!o I 011- (6) > o. 05 
Plasma 
JO 0,676!0.03 (6) o. 511-J!o. 011- (.5) < o. 05 
1Barbital c14 (2.0 uc/kg) injected intraperitoneally in a 
solution containing J% unlabelled barbital (JOO mg/kg ). 
2nist illed water (10 ml/ kg ) injected subcutaneously JO min 
prior to barbital , 
3sod ium nitrite (100 mg/ kg ) injected subcutaneously JO min 
prior to barbital. 
.· 
TABLE 1.3B 
EFFECT OF SODIUM NITRITE OR HYPOBARIC HYPOXIA ON BRAIN 
AND PLASMA LEVELS OF BARBITAL c14 
Time after1Li.1 Mean + S E (N) - . . barbital C 
(min) Control2 Treated 
Sodium Ni tri te3 
Brain 10 1992!203 (6) 1l~57~108 (6) < o. 05 
Dpm/g 
2162!160 1818~)li-1 30 (5) (6) > o. 05 
Plasma 10 Li.452:!°JLr2 (6) L1-93L1-~J92 (6) > o. 05 
Dpm/ml 
L~l 67:!°191 lr559!108 (6) 30 (5) > o. 05 
. 4 Brain 10 0. 44·5!0. OJ (6) 0.299! 0.02 (6) < o. 01 
Plasma 
30 O,Li-81!0,05 (5) 0.399!0.03 (6) > o. 05 
Hypobaric Hypoxia5 
Brain 10 2063!191- (6) llli-1~188 (6) <O. 01 
Dpm/g 
Plasma 10 5321!85 (6) li.282!Li.02 (6) < o. 05 
Dpm/ml 
Brain 10 0.389!0.03 (6) 0.285!0.06 (6) <o. 05 
Plasma 
12,0 uc/kg injected intraperitoneally, 
61 
2sodium nitrite-Dist. water (10 ml/kg, subcut.) JO min prior 
to barbital c14; Hypobaric-Mice kept under room air after 
barbital c14 injection. 
3100 mg/kg injected subcutaneously JO min prior to barbital c 1~ 
l1-Dpm7g bra.in 
Dpm ml plasma 
5Mice exposed to 364 mm Hg (to% o2 ) for 2h prior to barbital 
c14 injection. 
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TABLE 13C 
Er'FECT OF HYPOBARIC HYPOXIA AND BARBITAL ON BRAIN AND PLASMA 
LEVELS OF BARBITAL c 1L1- 6 HOURS AFTER INJECT ION 
M + s -. ean _ . ~. 
Con troll 
--·-------------
Brain 
Dpm/ g 
Plasma 
Dpm/ ml 
Brain3 
Plasma 
1812 :: 158 (LI- ) 
1685 ! 267 (l l- ) 
1.15 ~ 0.17 (LI- ) 
(N) 
Hypobar1c2 
2216:: 176 (6) <0.05 
)008 ·l- 289 ( 6) < 0. 01 
0 • 7 L1-2 ~ 0 • 0 3 ( 6 ) < 0 • 0 5 
1Barbital c14 (2.0 uc/kg ) injected intraperitoneal ly with 3% 
(300 mg/ kg ) unlabelled barbital, and the mice kept at room 
atmosphere (760 mm Hg, 21% 02 ). 
2Barbital c14 (2.0 uc/kg ) i njected intraperitoneally with 
300 mg/ kg unlabelled barbital at room atmosphere and mice 
expose d to 3 6l1- mm Hg ( 10% Oz) for 6 hours. 
Jn m bra.in 
Dpm ml plasma 
.· 
TABLE ll~ 
EF'FECT OF SODIUM NITRI'rE OR HYPOBARIC HYPOXIA ON THE 
PENETRATION OF INTRAVENOUS BARBITAL c1lr I NT O BRAIN 
Bra in3 
Dpm/g 
Plasma) 
Dpm/ ml 
Brain4 
Plasma 
Brain 
Dpm/ g 
Plasma 
Dpm/ ml 
Brain 
Plasma 
Me an ! S • E • ( N ) P 
Contrell Treated2 
Sodium Nitrite 
1670 :: 275 (5) 1555 :: 220 (5) > o. 05 
Lr402 ! 391 (5) 5315 + 325 (5) > o. 05 
0. 3 0 6 ! 0. Oll- ( 5) 0, J6lr ! 0, 05 (5) > O. 05 
Hypobaric Hypoxia 
1555 + 220 (5) 1l1-98 + 353 (5) > o. 05 
Li.Li-01 ! 391 (5) 5639 ~ 803 (6) > o. 05 
0 • 3 62 ~ 0 • Olr ( 5 ) o.27:t : 0.05 (5) > 0.05 
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1Mice injected subcutaneously with lOml/kg distilled w~.per 
(JO min pretreatment) prior to intravenous barbital C- I- (2. O 
uc/kg) or maintained in the hypobaric chambers under room 
air and adminis tered the labelled compound. 
2Mice admin istered sodium nitrite (100 mg/kg .subcut., JO min 
pretreatment) or exposed to hypobarig hypoxia (364 mm Hg) 
for 2h and inj ected with barbital el l- , 
3Measured 5 min after intravenous barbital C 1L1-. 
Li-Dpm brain 
Dpm ml plasma 
TABLE 15 
EFFECT OF PROLONGED SOCIAL ISOLATION ON DRUG-INDUCED 
NARCOSIS IN MICE 
Narcosisr 
Dose 
Drug (mg/kg) Grouped1 
Hexobarbital 120 98!3.5 (9) 
Pentobarbital 50 60~4.7 (15) 
Chloral Hydrate 350 76!L~, 2 ( l. 8) 
Barbital JOO 107:t5.7 ( 1 7) 
1Mice placed 10/cage for 5 weeks, 
2Mice placed 1/cage for 5 weeks. 
min ! S.E. (N) 
Isolatedl 
5L~ !LL~ (10) 
39:!:3. 3 (l 7) 
57!3.9 (15) 
87!8.8 ( 18) 
p 
<0,0005 
<0,0005 
< o. 005 
< o. 05 
TABI.E 16 
ONSET OF BARBI'rAL NARCOSIS IN CHRONICALLY ISOLNrED AND 
GROUPED MICE 
Experimental N Barbital1Narcosis p 
Condition Onset, min ! S.E. 
Grouped 17 26 ± 1.3 
Isolated 18 26 ·I- 1. 3 > o. 05 
-
1300 mg/kg injected intraperitoneally. 
.-
Effect of Social Deprivation on Hexobarbital Oxidase 
Activity 
In y_itro studies showed that the hepatic microso-
mal fractions isolated from chronically deprived male mice 
metabolized hexobarbita l at a rate higher than the hepatic 
fractions isolated from control mice (Table 17), Chronic 
deprivation also decreased body weight. 
Effect of Social Deprivation on Disappearance of Body 
Hexobarbita l aYld He xobarbital Concentrat i on at Awakening 
Socially deprived mice exhibited a higher concen-
tration of hexobarbital in the body at the time of awa-
kening than did their counterparts which were housed with 
other mice. In addition, 15 min after drug administration, 
body concentration of hexobarbital in socially deprived 
mice was significantly less than in the community housed 
animals (Table 18). Both males as well as females showed 
these differences. 
Relationship of Pharmacological Alterations to Isolation-
Induced Aggression 
Gradually, following social deprivation, initially 
non-aggressive males developed aggressive behavior which 
was manifested in intense fighting when they were paired 
in a strange cage. After one week of social deprivation, 
only 20% of the males engaged in fighting while 5 weeks 
of deprivation resul~ed in most of the males becoming 
aggressive (Figure 12), Female mice tested after 5 weeks 
of social deprivation did not exhibit aggressiveness, 
Hexobarbital narcosis was max i mally reduced after one week 
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TABLE 17 
EFFECT OF SOCIAL ISOLATI ON AND GROUPING ON BODY WEIGHT AND 
HEXOBARBITAL OXIDASE ACTIVI'rY IN MICE 
Mean ! S.E. (N) P 
Grouped! IsolatedZ 
uM Hexobarbital 
67 
metabolized/g/JO min 0.628!0.08 (9) 1.07!0.08 ( 10) < 0. 001 
Body weight 37. 67o!i.10 
Liver . weight 
Li.. 7Lw::o. 08 % of body weight 
1Mice grouped 10/cage for 5 weeks. 
2r.uce placed 1/cage for 5 weeks . 
(9) Jl~. oo!o. 70 (10) <0.005 
(9) 5.1 9!0.10 ( 1) < o. 005 
.· 
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TABLE 18 
EFFECT OF SOCIAL ISOLATION ON HEXOBARBITAL METABOLISM AND 
HEXOBARBITAL CONCENTRATION AT AWAKENING 
muM Hexobarbital/g body wt, 
mean ± S.E . ~N l 
Sex Groupe ell Isolated2 
15 min after injection3 
Male 341 ~ 13 (8) 299 + 17 (6) 
-
Female 4LH + 23 (8) 363 ! 17 (8) 
-
At Awakening 
Male 170 + 111- (8) 21Lr ! 8.7(10) 
Female 221 + 17 (8) 277 + 23 (9) 
- -
1Mice placed 10/cage for 5 weeks. 
2Mice placed 1/cage for 5 weeks, 
3120 mg/kg (550 muM/g) injected intraperitoneally, 
< o. 05 
<O. 01 
<O. 01 
<Ot 05 
.• 
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Figure 12, FIGHTTI~G RESPONSES (AGGRESSION) AND HEXOBARBITAL 
(120 mg/kg, intraperitoneally) NARCOSIS IN MICE SUBJECTED 
TO SOCIAL DEPRIVATION, EXPRESSED AS% OF CONTROL VALUES 
OBTAINED FROM MICE HOUSED IN GROUPS OF 10. (*) Signifi-
cantly less (p<0,05) than mean narcosis-time of grouped 
controls. 
.· 
of social deprivation. Whereas fighting behavior progres-
sive ly increased through succeeding weeks of isolation, the 
decline in barbiturate narcosis was unaltered during that 
period. The females, although not aggressive at 5 weeks 
of i solation , still exhibited a reduction in barbiturate 
narcosis to the same degree as the males which were aggres-
sive (Figure 12). 
Effect of Modified Endocrine Function on Isolation-Induced 
Pharmacolog ic Alterations and Aggression 
The aggressive behavior and reduction in hexobarbi-
tal narcosis induced by social deprivation was not altered 
by adrenalectomy (Table 19). However, both the altered 
response to hexobarbital and the aggressiveness was absent 
in the mice castra ted prior to social deprivation. 
Effect of Social Deprivation on Shock Avoidance Behavior . 
70 
Latency to avoidance of paw shock was significantly 
lower (p-0.04) in the socially deprived mice (~igure 13). 
In addition, chronically depr ived animals Vlere more resis-
tant to the decrement in avoidance produced by chlorproma-
zine than community-housed mice (Table 20). 
TABLE 19 
EFFECT OF ENDOCRINE MODIFICATION ON ISOLATION-INDUCED 
AGGRESSION AND DECREASE IN HEXOBARBITAL NARCOSIS 
Fighting4 
Narcosis1 
Treatment mean ± S.E. (~-k3 (%) Grouped2 Isolate 
Intact 100 L~5!L~. 0 (5) 33!2.0 (6) 
Sham operated 100 55!5.6 (9) 26:t2.o (6) 
Adrenalectomized 100 .51 :1~. 5 (7) 33~2.8 (7) 
Gonadectomized 0 l1-6:t3. 9 (13) l~l±L~ .O ( 13) 
1120 mg/kg hexobarbital injected intraperitoneally. 
2Mice placed 10/cage for 5 weeks. 
3Mice placed 1/cage for 5 weeks. 
p 
< o. 025 
< 0. 005 
< o. 005 
> o. 05 
4Four pairs of mice placed in strange cages for 15 min. 
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Figure 13. MEDIAN LATENCY (SEC ) TO AVOIDANCE OF ELECTRIC 
SHOC K IN ISOLATED Al~D GROUPED MICE. Each point represents 
10 animals, 
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TABLE 20 
EFFECT OF CHLORPROlfillZINE ON CONDITIONED AVOIDANCE BEHAVIOR 
IN GROUPED AND ISOLATED MICE 
Avoidance %1 p 
Treatment Grouped Isolated 
No Drug 90 90 > o. 05 
Chlor12romazine2 
2 me/kg 50 60 > o. 05 
5 mg/kg 0 l~O < o. 05 
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1No drug-avoidance on 5th consecutive trial morning of test 
day, Chlorpromazine-Avoidance based on one trial JO min af-
ter drug administration on afternoon of test day. Each group 
represents % avoiding out of 20 (No Drug) or 10 (Chlorpro-
mazine) mice. 
2Injected intraperitoneally. 
.· 
V. DISCUSSION 
Acute H,ypoxia 
The ability of rats to resist the convulsive 
effects of hyperbaric oxygen (Wood et al., 1967) and the 
lethal effects of hypoxia (Wood et al., 1968) suggested 
that these ai.1imals may provide a useful tool for research 
into protective mechanisms against alterations in drug 
action induced by hypobaric environments. Data obtained 
in this investigation indicate that rats exposed to hypo-
baric hypoxia are less sensitive than mice to potentiation 
of CNS depressants (Table 1) and hypothermia (Figure 2) 
induc ed by the low oxygen environment. Since alteration 
in body temperature affects CNS depressant activity 
(Borzelleca and Manthei , 1957; Fuhrman, 19L~7; Setnikar 
and 'remelcou, 1962) these findings suggest that the low-
ered susceptibility of rats as compared with mice to po-
tentiation of drug-induced narcosis during hypoxia may 
in part be related to the lower degree of hypothermia 
exhibited by rats exposed to hypobaric conditions. Based 
on this hypothesis, since CNS depressants interact with 
thermoregulatory mechanisms and reduce body temperature 
(Setnikar and Temelcciu, 1962), hypoxia may be expected 
to potentiate this effect a.J1d thus enhance CNS depression. 
Hypobaric hypoxia was observed to potentiate drug-induced 
,• 
hypothermia in mice in all cases (Figure 3-5), the most 
extensive change being observed during barbital narcosis 
where body temperature was seen to reach ambient temper-
at1J.re (22°c) under hypoxia. Prevention of hypoxia-
induced hypothermia at 30°c ambient temperature slightly 
enhanced the pentobarbital actiont only moderately re-
duced chloral hydrate action, but greatly reduced the 
barbital effect (Table J), It would appear then that 
hypothermia during hypoxia has a profound effect on the 
response to barbital, but little or no effect with re-
spect to the other depressants, This may be related to 
the fact that reduction in body temperature under hypoxia 
was considerably more during barbital narcosis than with 
the other depressants. 
The similar results obtained with exposure to low 
oxygen at normal atmospheric pressure or to room air at 
reduced pressure (Table 2) suggest that potentiation of 
barbiturate narcosis a.'1d associated effects are due 
primarily to a deficiency in runbient oxygen. 
Exposure to hyperbaric oxygen causes marked re-
duction of brain -aminobutyric acid (GABA ) (Wood et al., 
1967) a proposed inhibitory transmitter (Bene~t et al., 
1963) and also produces convulsions in mice (Faiman a.'1d 
Hable, 1966), In · contrast, exposure to hypoxia increases 
brain levels of this amine (Wood et al. , 1968). In the 
present experiment acute exposure to hypobaric hypoxia 
antagonized convulsions produced by semicarbazide, me-
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thionine sulphoximine or m-fluorotyrosine (Figures 7-9). 
Semicarbazide and methionine sulphoximine decrease the 
synthesis of brain GABA (Killam and Bain, 1967i Roberts 
and Frankel, 1951; Lamar and Sellinger, 1965) while m-
fluorotyrosine produces blockade of the citric acid cycle 
by conversion to fluoroacetate (Weissman and Koe , 1967), 
Since breathing of hypoxic air can lead to impairment 
of brain oxidative metabolism (Gurd jian et al., 1949) 
with possible reduction in the use of GABA in the shunt 
pathway of the citric acid cycle (Wood, 1967), depletion 
of GABA by semicarbazide or methionine sulphoximine may 
be compensated for during hypoxia resulting in an anti-
convulsant effect. In addition, increased dependence of' 
brain neurons on anerobic metabolism during hypoxia may 
reduce the consequences of impairing aerobic metabolism 
by fluoroacetate, thus reducing seizures due to m-fluoro-
t;yrosine, These observations suggest an alteration in 
brain excitability during hypoxia. 
The slower decline in pentobarbital body levels 
(Table Lr) suggests that acute exposure of mice to hypoxia 
depresses in vivo drug metabolism, This may be due to the 
dependence of hepatic drug metabolism on molecular oxy-
gen (Gillete et al., 1957), In addition, hypothermia 
during hypoxia may depress drug metabolism in hepatic 
microsomes (Leadbeater and Davies, 1964 : setnikar and 
Temelcou, 1962; Kalser et al., 1968). 
An inability to gain righting reflex under hypoxia 
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at otherwise inadequate concentration of pentobarbital 
(Table 4), enhanc ed narcosis due to barbital, a drug ex-
creted unmetabolized (Dorfman and Goldbaum, 1947; Maynert 
and Van Dyke, 1950; Ebert et al., 196L~). and reduction in 
drug-induced convulsions would indic ate that a decrease 
in brain excitability has taken pla.ce. Since barbiturates 
depress the oxygen utilization of nervous tissue (Aldridge, 
19b2) reduced availability of oxygen during hypoxia could 
facilitate barbiturate action. Reduction in body temper-
ature depresses tissue oxygen utilization (Bering, 1961; 
Field et al.• 194L1-) and may further enhance the CNS de-
pression. The fact that pentobarbital raises brain levels 
of GABA (Oja et al., 1968) would suggest that hypoxia-
induced elevation of GABA (Wood et al., 1968) could 
fur·ther sensitize the nerve cell to drug-induced depres-
sion. The respiratory alkalosis due to hyperventilation 
during hypoxia (Henderson and Radloff, 1932) could enhance 
drug binding with plasma or brain proteins (Goldbaum and 
Smith, 195l~) and affect availability of drugs to the site 
of action and subsequent interaction with receptors. An-
tagonism by hypoxia of seizures due to semicarbazide 
administered intracerebrally (Figure 10), a method of 
injection which obviates peripheral factors affecting drug 
action, supports the hypothesis that hypoxia alters brain 
sensitivity by a direct effect on brain metabolism, How-
ever, the specific biochemical changes related to altered 
neuronal excitability during hypoxia remain to be deter-
77 
,• 
mined. 
Sodium nitrite (100 mg/kg) injected subcutaneously 
potentiates hexobarbital narcosis, increases methemoglobin 
blood levels and reduces body temperature (Figure 11). The 
temporal relationship o:r these 3 parameters suggested that 
methemoglobin and/or hypothermia may be involved in the 
enhancement of the barbiturate effect by sodium nitrite. 
Additiona l experiments indicated that hypothermia due to 
sodium nitrite was important in the response to barbital 
but not that of' hexobarbital in mice (Table 5). This 
resembles the effects seen with these drugs in mice ex-
posed to hypobaric hypoxia, 
Hepatic detoxification was reduced in vivo after 
administration of sodium nitrite as evidenced by a slower 
decline of hexobarb ital in the body (Table 6). These 
observations and the fact that sodium nitrite did not 
inhibit hexobarbital me tabolism in vitro (Table 8) suggest 
that the decreased hepatic metabolism in vivo is a result 
of hypoxia due to methemoglobinemia produced by rhis drug. 
Potentiation of barbital narcosis (Table 5), anta-
gonism of intracerebral semicarbazide convulsions (Figure 
11) and the ability of nitrite-treated animals to remain 
asleep at a barbiturate concentration otherwise insuffi-
cient to cause narcosis (Table 6) suggest that a decrease 
in threshold of brain neurons to drug-induced depression 
has taken place. Sinc e direct intracerebral injection of 
sod ium nitrite did not affect hexobarbital narcosis or 
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reduce body temperature (Table 7), it is likely that the 
altered brain excitability and hypothermia is related to 
methemoglobin-induced hypoxia, 
Although methylene blue effectively reduced the 
methemoglobinemia produced by sodium nitrite (Table 9), it 
markedly potentiated hexobarbi tal and barl)i tal narcosis 
in the absence of nitrite ('rables 10 and 11), Potentia-
tion of hexobarbital action by methylene blue is probao-
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ly caused by the knovm inhibitory effect of this dr1.ig on 
microsomal drug me tabolism (Gillete et al., 1957), Pro-
longation of barbital narcosis suggests altered brain 
sensitivity by methylene blue, Effect of the dye on 
hepatic and cerebral metabolism may be related to produc-
tion of a functional hypoxia due to interference with 
electron transport components of oxidative metanolisin. 
However, the dy·e may also compete for excretion with barbi-
turates, 
The marked enhancement of barbiturate action, in 
spite of extensive reduction in methemoglobin by methylene 
blue, limited the use of this compound to test the role 
of methemoglobin in the pharmacologic response to sodium 
nitrite, However, since the combination of me~hylene blue 
and sodium nitrite is not synergistic with respect to 
hexobarbital narcosis (80% increase in hexobarbital nar-
cosis alone or in combination-Table 10), one may conclude 
that a pharmacolog ic antagonism does in fact exist, and 
the resultant effect on hexobarbital potency is due solely 
,• 
to methylene blue or to a reduced but equal contribution 
of methylene blue . and sodium nitrite. 
The decreased onset to barbital narcosis observed 
during hypobaric hypoxia or after sodium nitrite may be 
due to enhanced CNS sensitivity, increased absorption 
from the site of injection or more rapid penetration into 
brain. Mice injected with sodium nitrite showed lower 
brain and plasma levels of barbital c 1 l~ administered 
intraperitoneally with a depressant dose of unlabelled 
barbital (Table 1JA). Exposure to hypobaric hypoxia 
produced similar results (Table 1JB). These data indicate 
a decre ased absorption of the barb~turate from the site 
of injection. In addition, a decrease in brain/plasma 
ratio of barbital c 1 L~ under these conditions i ndic ates a 
reduced penetration into brain. Slower absorption after 
intrapcritoneal injection may be a consequence of peri-
pheral vasoconstriction due to hypothermia (Hardy, 1961) 
produced by these treatments. In fact, a decrease in 
blood supply to the periphery dur ing hypoxia has been 
observed (Monge , 1960). The apparent reduced penetration 
of barbital into brain is most likely due to limited 
absorption from the periphery since hypobar ic hypoxia 
or sodium nitrite does not alter penetration of barbital 
C14 . t b . 1 t" . in o rain at an ear y ime after intravenous injec-
tion (Table 14). The slower rate of absorption could 
prolong body levels of drug and potentiate barbital nar-
cosis. However, a shorter onset to barbital narcosis with 
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a concomitant decrease in absorption and brain l evels of 
the barbiturate supports the hypothesis that the thresh-
old of brain neurons to drug-induced depression is lowered 
in hypoxic conditions. 
. . 14 Brain and plasma levels of barbital C were 
higher in mice exposed to hypobaric hypoxia for 6h during 
barbital narcosis than in narcotized mice breathing room 
atmosphere (Table 13C ) . Reduction in body temperature 
decreases kidney function (And j as , 1956; Moyer et al. , 
1956) and mice subjected to hypoxia during barbital nar-
cos is show a marked degree of hypothermia (Figure 6). 
Therefore. the slower decline in brain and plasma levels 
f barb1.tal c14 · b bl d t d d t" d o is pro a y ue ·o ecrease excre ion ue 
to lowered body temperature by this condition. Decreased 
excretion of the barbiturate may well contribute to the 
marked potentiation of barbital narcosis observed in 
hypoxic mice. 
Social Isolation 
Socially deprived mice show a reduced response to 
drug-induced CNS depression (Table 15) with concomitant 
increase in hepatic drug metabolism i n v itro and in vivo 
(Table 17 and 18). These data suggest that chronic depri-
vation of s oc ial stimuli enhm1ces the activity of hepatic 
dr·ug~metaboliz ing enzymes . 
Reduced permeability of drugs into the CNS may 
not be a factor in decreasing narcosis as the onse t of 
81 
barbital narcosis was not altered (Table 16). Further, 
the action of the short-acting barbiturates, hexobarbital 
and pentobarbital, which was markedly reduced, is not lim-
ited by their penetration into the CNS o 
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Antagonism of narcosis due to barbital (Table 15) 
and failure to mainta in loss of right ing ref lex at ad.equate 
concentrations of hexobarbita l (Table 16) suggest that 
chronic deprivation of social stimuli raises arousal levels 
of mice such that their susceptibility to CNS depressants 
is reduced. This would predict enhanced effectiveness of 
CNS stimulants. In fact, chronically isolated mice are 
hypersensitive to various stimulants (Consolo et al 1965a; 
Welch and Welch, 1966). 
The aggressive behavior developed in male mice after 
social deprivation may provide an indicator of physio-
logical alterations resultD1g in altered brain excitability. 
This would in turn result in altered pharmacologic effects. 
However, the isolation-induced change in response to bar-
biturates did not correlate either temporally or otherwise 
with aggressiveness (Table 12), In addition female mice, 
although not exhibiting aggressiveness, showed a decre ased 
re sponse to hexobarbital. This suggests that the general 
increase in neuroexcitability in the socially deprived ani-
mals is not directly related to the development of aggres-
siveness. Consequently, the elevated 'neuroexcitability and 
the aggressiveness probably do not have identical biologi-
cal bases. 
.· 
The decreased latency to avoidance of electric 
shock in isolated mice (Figure 13) suggests an increased 
sensitivity to physical stimuli. These results support 
the observations of Kimbrel l (1 967) and further indi-
cate a state of heightened excitability as suggested by 
previous data obtained in this investigation. The reduced 
effectiveness of chlorpromazine in producing a decrement 
in avoidance in socially deprived mice may be due to the 
state of heightened arousal. However, a more rapid detoxi-
cation of chlorpromazine in isolated mice may also be a 
contributing factor. 
A specific biochemical mechanism for the altera-
tion in barbiturate sensitivity and development of aggres-
siveness due to prolonged social isolation is not clear 
at this time. It is probably not due to decreased turn-
over of brain serotonin, a neurohumor thought to regulate 
brain excitability (Jouvet, 1969), because lower serotonin 
turnover is found only in socially deprived males and not 
in socially deprived females (Giacalone et al., 1968). 
The fact that gonadectomy but not adrenalectomy prevented 
isolation-induced pharmacologic alterations and aggres-
siveness (Table 19) suggests that anabolic steroids, 
which have been observed to stimulate hepatic drug meta-
bolism (Booth and Gillete, 1962; Novick et al., 1966) may 
be involved in this response, In fact social deprivation 
has been suggeste d as activating the pituitary-gonadal 
axis (Brain and Lowell, 1969) . This would suggest that 
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the enhanced hepatic metabolism may be due to an initial 
hyperactivity of the posterior hypothalamus which is 
believed to regulate hepatic microsomal enzymes (Nair et 
al,, 1970 ) . The absence of aggressive behavior in male 
mice castrated prior to social deprivation has been repor-
ted previously (Sigg et al. , l 966 ) . 
,· 
VI. SUMMARY A."'lD CONCLUSIONS 
1, Rats are less susceptible than mice to hypoxia-induced 
pharmacologic alterations and hypothermia. 
2, Potentiation of the activity of CNS depressants by 
hypobaric hypoxia is due to low oxygen and not reduced 
barometric pressure. 
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3, Enhancement of drug-induced hypother·mia during hypoxia 
is an important factor in potentiation of the barbital 
effect but not necessarily in alteration of pentobarbi-
tal or chloral hydrate depression, 
4. Hypoxia antagonized convulsions due to intraperitoneal 
semicarbazide, methionine sulphoximine or m-fluorotyro-
sine. In addition, seizures produced by intracerebral 
semicarbazide were reduced by hypoxia. Body concen-
tration of pentobarbital is lower in mice awakening 
under hypoxia, These observations suggest decreased 
brain excitability during hypoxia. 
5, Disappearance of body hexobarbital was slower in mice 
exposed to hypoxia. These data suggest that hypoxia 
reduces in vivo metabolism of barbiturates. 
6, Injection of sodium nitrite potentiates hexobarbital 
narcosis, raises blood levels of methemoglobin and 
lowers body temperature , 
7. Hypothermia due to sodium nitrite is important in 
enhancement by the d:cug of narcos is due to barbital 
,• 
but not that of hexobarbital. 
8. Decline of hexobarbital in the whole body is slower 
in nitrite-treated mice than in control animals. 
Sodium nitrite added in vitro did not inhibit hexo-
barbital oxidase activity. Intracerebral injection of 
sodium nitrite did not affect hexobarbital narcosis 
or reduce body temperature. These data suggest that 
injection of sodium nitrite reduces hexobarbital meta-
bolism in vivo and that this effect is probably due 
-~-
to hypoxia produced by methemoglobinemia due to this 
drug. 
9. Mice injected with sodium nitrite show lower incidence 
of convulsions after intracerebral semicarbazide. Body 
concentration of hexobarbital is lower at awakening 
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in mice treated with sodium nitrite. These observations, 
in addition to prolongation of barbital narcosis sug-
gests that treatment with sodium nitrite enhances 
depression of brain neurons. 
10. Methylene blue reduced nitrite-induced methemoglobb1-
emia but markedly enhanced hexobarbital and barbital 
narcosis in the absence of nitrite. The combination 
of methylene blue and sodium nitrite resulted in po-
tentiation of hexobarbital narcosis equal to that seen 
with either drug alone. These findings suggest enhanced 
central depression with possible reduction in hepatic 
metabolism of hexobarbital after methylene blue. These 
data also suggest that a pharmacological antagonism of 
sodium nitrite action may exist due to reduction in 
nitrite-induced methemoglobinemia by methylene blue. 
11. Sodium nitrite or hypobaric hypoxia decreases absorp-
tion and penetration of barbital c1l" into brain after 
intraperitoneal injection of the labelled drug. These 
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treatments do not affect penetration of intravenous 
barbital c1.LI- into brain at an early time after injection. 
These data suggest that reduced rate of drug penetra-
tion into brain may be related to limited absorption 
from the periphery. Further, since onset of barbital 
narcosis is reduced under these conditions, addition-
al evidence is presented for enhanced central depression 
during hypoxia. 
12. Brain and plasma levels of barbi t.al c1l" were higher in 
mice exposed to hypobaric hypoxia during barbital nar-
cosis. These results indicate that hypoxia may reduce 
the rate of excretion of barbiturates. 
13. Mice deprived of social interactions show reduced re-
sponse to barbiturates with concomitant increase in the 
rate of metabolism in vivo and in vitro . These findings 
indicate that deprivation of social stimuli enhances 
the activity of hepatic microsomal enzymes. 
14 . Socially deprived mice showed higher concentration of 
hexobarbital in the body at the time of awakening. 
Latency to avoidance of electric shock is lower in 
deprived mice and the decrement in avoidance produced 
by chlorpromazine is less in the isolated animals, 
These data suggest that socially deprived mice have 
higher arousal levels with concomitant increase in 
the threshold of brain neurons to depression. 
15. The lowered response to hexobarbital during isolation 
did not correlate temporally or otherwise with devel-
opment of aggressiveness. Further, female mice, 
although exhibiting a reduced response to hexobar-
bital, did not develop aggressiveness. These findings 
suggest that alteration in barbiturate sensitivity 
and development of aggressiveness following social 
deprivation have different biological bases, 
16. Gonadectomy but not adrenale ctomy prevented the iso -
lation-induced decrease in response to hexobarbita l 
and development of aggressiveness, This suggests that 
anabolic steroids may be important in the altered 
barbiturate sensitivity after isola tion. 
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